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In Brief 


Liang et al. find that the muscular 
contractile apparatus in C. elegans 
provides instructive cues for patterning 
DMAA the branching of sensory dendrites. They 
SAX-7 show that the regular pattern of 
sarcomere dense bodies, via the ECM 
protein UNC-52/Perlecan, defines a SAX- 
7/L1CAM striped pattern, which in turn 
instructs the dendritic branch pattern. 


Basement membrane 


Hemidesmosome 


Intermediate filaments 4 
IMUA-6 Hypodermis 


Muscle sarcomere| | Basement membrane Hypodermis PVD 
> >|Hemidesmosome|->|4° dendrite 
Integrin, UNC-112 UNC-52 MUA-6 ->SAX-7 DMA-1 


Highlights 
e SAX-7/L1CAM in skin cells instructs branching of sensory 
dendrites 


e SAX-7/L1CAM forms a regular striped pattern in skin cells 


e The repeated sarcomeres pattern skin SAX-7 through ECM 
protein UNC-52/Perlecan 


e Sarcomeres provide developmental cues for dendrite 
branching 


Liang et al., 2015, Developmental Cell 33, 1-13 
May 26, 2015 ©2015 Elsevier Inc. ( ell 
http://dx.doi.org/10.1016/j.devcel.2015.03.010 


Please cite this article in press as: Liang et al., Sarcomeres Pattern Proprioceptive Sensory Dendritic Endings through UNC-52/Perlecan in C. elegans, 


Developmental Cell (2015), http://dx.doi.org/10.1016/j.devcel.2015.03.010 


Developmental Cell 


Sarcomeres Pattern Proprioceptive 


Sensory Dendritic Endings 


through UNC-52/Perlecan in C. elegans 


Xing Liang,':? Xintong Dong, Donald G. Moerman,* Kang Shen,!:°* and Xiangming Wang'* 
‘National Laboratory of Biomacromolecules, Institute of Biophysics, Chinese Academy of Sciences, 15 Datun Road, Chaoyang District, 


Beijing 100101, China 
?University of Chinese Academy of Sciences, Beijing 100101, China 


3Department of Biology, Howard Hughes Medical Institute, Stanford University, Stanford, CA 94305, USA 
4Department of Zoology, University of British Columbia, Vancouver, BC V6T 1Z3, Canada 
*Correspondence: kangshen@stanford.edu (K.S.), xmwang@moon.ibp.ac.cn (X.W.) 


http://dx.doi.org/10.1016/j.devcel.2015.03.010 


SUMMARY 


Sensory dendrites innervate peripheral tissues 
through cell-cell interactions that are poorly under- 
stood. The proprioceptive neuron PVD in C. elegans 
extends regular terminal dendritic branches between 
muscle and hypodermis. We found that the PVD 
branch pattern was instructed by adhesion mole- 
cule SAX-7/L1CAM, which formed regularly spaced 
stripes on the hypodermal cell. The regularity of the 
SAX-7 pattern originated from the repeated and regu- 
larly spaced dense body of the sarcomeres in the 
muscle. The extracellular proteoglycan UNC-52/Per- 
lecan linked the dense body to the hemidesmosome 
on the hypodermal cells, which in turn instructed 
the SAX-7 stripes and PVD dendrites. Both UNC-52 
and hemidesmosome components exhibited highly 
regular stripes that interdigitated with the SAX-7 
stripe and PVD dendrites, reflecting the striking 
precision of subcellular patterning between muscle, 
hypodermis, and dendrites. Hence, the muscular 
contractile apparatus provides the instructive cues 
to pattern proprioceptive dendrites. 


INTRODUCTION 


Dendrite morphogenesis is a critical step to establish the recep- 
tor fields of neurons and to assemble functional neural circuits 
(Arikkath, 2012). Dendrites exhibit highly branched morphology, 
which suggests that dendrite development might require distinct 
molecular programs compared with its axonal counterpart (Jan 
and Jan, 2010). Most of our understanding of the molecular 
mechanisms regulating dendritic branching comes from studies 
of the dendritic arborization neurons in Drosophila melanogaster 
(Corty et al., 2009; Jan and Jan, 2010). From studies in hippo- 
campal and cortical neurons, several classes of molecules that 
control dendritic arborization have been isolated (Arikkath, 
2012). Both extrinsic and intrinsic factors, including secreted 
proteins, cell surface receptors, cell adhesion molecules, 


signaling molecules, regulators of the actin cytoskeleton, 
and transcription factors, are implicated in various aspects of 
dendrite development. 

In the vertebrate somatosensory system, sensory nerve termi- 
nals interact with specialized non-neuronal cell types to form pe- 
ripheral sensory organs. For example, the Merkel cell associated 
with the sensory fibers to form a gentle touch receptor. Although 
the Merkel cell is required for generating specific touch sensa- 
tion, the developmental mechanism for the association between 
the neurites and the Merkel cells is not understood (Ikeda et al., 
2014; Woo et al., 2014). In the vertebrate proprioceptive system, 
sensory terminals wrap around specialized muscle fibers to 
form the encapsulated sensory receptors: the muscle spindles 
(Bewick and Banks, 2015). Little is known about the cell-cell 
interactions during the development of this sensory receptor. 

Interactions between dendrites and the environment are 
important for dendrite morphogenesis. For sensory dendrites, 
the extracellular matrix (ECM) constitutes the growing substrates 
for dendrite development and often contains instructive cues. 
For example, the Drosophila class IV dendritic arborization neu- 
rons grow their dendrites mainly in a 2D space on the ECM 
secreted by the epidermis. The integrin-ECM interaction controls 
dendrite positioning on or within the epidermis by promoting 
dendritic retention on the basal surface (Han et al., 2012; Kim 
et al., 2012). The matrix metalloproteinase (Mmp) is required 
for the Drosophila sensory neuron dendrite reshaping through 
local degradation of the basement membrane upon which den- 
drites of the sensory neurons innervate (Yasunaga et al., 2010). 
In zebrafish, skin-derived heparan sulfate proteoglycan guides 
peripheral sensory axon guidance to innervate the skin through 
the activation of the LAR receptors (Wang et al., 2012). These 
isolated examples represent our current understanding of the 
interactions between dendrites and surrounding cells during 
development. For proprioceptive neurons, little is known about 
how the muscle spindle forms. 

The C. elegans PVD and FLP neurons are the only highly 
branched neurons in the entire ensemble of worm neurons (AI- 
beg et al., 2011). Both PVD and FLP neurons are mechanosen- 
sors for the body and head, respectively. PVD responds to harsh 
mechanical stimuli and cold temperatures (Chatzigeorgiou et al., 
2010; Way and Chalfie, 1989) and may have a role in propriocep- 
tion, as the ablation of PVD leads to defective posture (Albeg 
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(A-D) Confocal images of a young adult animal expressing SAX-7::GFP under the control of the hypodermal cell promoter Pdpy-7. PVD cells were labeled by 
mCherry. (D) PVD quaternary branches (red) co-localized stringently with SAX-7 stripes (green). Arrows indicate the PVD tertiary branch and the SAX-7 sublateral 
stripe. Arrowheads mark one of the PVD 4° branches and the co-localized SAX-7 stripe. 

(E) Wild-type animal stained with SAX-7 antibody. Red arrow indicates the sublateral stripe and red arrowhead shows one SAX-7 stripe around muscle 
quadrant. 


(legend continued on next page) 
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etal., 2011). PVDs are born at the L2 stage and elaborate a series 
of perpendicularly oriented dendritic branches at stereotyped 
positions. The 1° branches emerge from the cell body, while 
the 2°, 3°, and 4° branches form the candelabra-like branch units 
called “menorahs.” The 4° branches grow only between the 
muscles and the hypodermal cells and are quite regular in 
spacing. 

Previous studies have reported several molecules involved in 
PVD dendrite development. For example, several transcription 
factors control discrete steps in PVD development by promoting 
or limiting branching (Smith et al., 2010, 2013). The fusogen 
EFF-1 activities may act as a quality control mechanism to sculpt 
PVD dendritic branches (Oren-Suissa et al., 2010). The shape of 
the menorah is likely instructed by receptor-ligand interactions 
between PVD and its environment. Our previous work showed 
that DMA-1, a trans-membrane leucine-rich repeat protein, is 
the essential receptor in PVD for patterning menorahs (Liu and 
Shen, 2012). DMA-1 senses hypodermal-derived signals SAX- 
7/L1CAM and MNR-1 in a tripartite ligand-receptor complex, 
which spatially instructs the growth and branching of PVD 
dendrites (Dong et al., 2013; Salzberg et al., 2013). SAX-7 is spe- 
cifically localized to the sublateral line on the hypodermal cell, 
and this pre-patterned cue directs 3° branch growth. The devel- 
opmental cues for 4° branches remain unknown. 

Here we report that the 4° branches were also guided by 
SAX-7, which formed regular subcellular stripes on the hypoder- 
mal cell surface, a pattern that mirrored the sarcomere pattern in 
the adjacent muscle cells. We found that UNC-52/Perlecan, a 
basement membrane protein (Rogalski et al., 1993, 1995) that 
links the dense body (DB) of sarcomeres to the hemidesmo- 
some-like fibrous organelles (FOs) on the hypodermal cells, 
was required for the proper pattern of 4° branch growth. We 
further show that the FO-associated intermediate filaments 
were required for the subcellular pattern of SAX-7 in the hypo- 
dermal cells and the normal PVD dendrite pattern. 


RESULTS 


PVD 4° Dendrites Co-localize with Hypodermal SAX-7 
Stripes 
Previous studies by Bulow’s group and ours showed that trans- 
membrane cell adhesion molecule SAX-7, together with a novel 
membrane protein, MNR-1, function in the hypodermal cells to 
guide the growth and branching of the 2° and 3° branches (Dong 
et al., 2013; Liu and Shen, 2012; Salzberg et al., 2013). SAX-7 
localized to two longitudinal stripes, which provided the growth 
and branching signal for PVD 3° dendrites (Figures 1A-1D). How- 
ever, what patterns the PVD 4° dendrites remains unknown. 
Using a spinning-disk confocal microscope equipped with a 
highly sensitive digital camera, we found that hypodermal cell 
expressed SAX-7::YFP also localized to dense parallel stripes 
between the muscle cell and the hypodermis, where PVD elabo- 
rated its quaternary dendritic branches (Figures 1A-1C). To test if 


endogenous SAX-7 showed a similar distribution pattern, we 
stained the wild-type animals with a polyclonal SAX-7 antibody 
(Zhou et al., 2008) and observed a very similar stripe pattern (Fig- 
ure 1E). It is worth noting that the stripes from both the transgene 
and the endogenous staining were found only within the muscle 
quadrants. Strikingly, all PVD 4° branches were precisely co- 
localized with SAX-7 stripes (30 of 30 animals examined), sug- 
gesting that the SAX-7 stripes might instruct the pattern of the 
PVD 4° branches (Figures 1A-1D). 

Two sets of evidences support this model. First, the SAX-7 
stripes were clearly visible in L3 animals during development. 
However, at the same stage, the PVD 4° branches were not 
yet developed, indicating that the SAX-7 stripes were present 
before the outgrowth of the PVD 4° branches (Figures 1F-1)). 
Second, the 4° branches nearly completely failed to form in the 
sax-7(nj48) mutants, consistent with the notion that SAX-7 was 
necessary for the 4° branches (Figures 1J and 1K). Because 
the 3° dendrite growth was also severely compromised in the 
sax-7 mutants, it is difficult to conclude that the SAX-7 pattern 
in the muscle area instructs the 4° branch pattern on the basis 
of this allele. 

We took the following steps to further prove that the SAX-7 
pattern in the muscle region is necessary and sufficient to guide 
4° branch development. First, we looked for a genetic manipula- 
tion that rescued the SAX-7 expression in the location of the 3° 
dendrites but not at the 4° dendrites. To do this, we expressed 
SAX-7 in the PLM and ALM neurons in sax-7 null mutants. The 
neurites of PLM and ALM were localized at the sublateral nerve 
cord, coinciding with the 3° dendrites. With this transgene, the 
SAX-7 expression was achieved along the 3° dendrite but 
completely absent in the 4° dendrite region. Indeed, we found 
that this transgene could robustly rescue the 3° dendrite pheno- 
type, but no 4° dendrite formed. We also noticed that the growth 
of PVD dendrite in this background stringently followed the 
trajectory of PLM and ALM (Figure S1). These data argue that 
the SAX-7 expression in the muscle region is required for 4° 
dendrite even when the 3° dendrites are intact. 

Second, we sought to generate an artificial pattern of SAX-7 in 
the muscle area to test if it could direct the pattern of the 4° 
branches. To achieve this, we co-expressed SAX-7 and MNR- 
1 in the D-type neurons (DD and VD) and the PLM/ALM neurons 
in sax-7;mnr-1 double mutants. The D-type neurons have dorso- 
ventrally oriented commissures that traverse the muscle area. 
We found that this combination of transgenes caused the PVD 
dendrite to grow both 3°- and 4°-like dendrites. Again, the 4°- 
like dendrites stringently followed the commissures. This gain- 
of-function experiment argues that an ectopic pattern of SAX-7 
in the muscle area leads to a predictable pattern of the PVD 4° 
branches (Figure S1) (Dong et al., 2013). Together, these data 
strongly support the idea that SAX-7 stripes provide the instruc- 
tive cues for the outgrowth or stabilization of the PVD 4° 
branches, similar to its function in guiding the growth of 3° 
branches. 


(F-l) Confocal images of an L3 animal. Arrows indicate the positions of a PVD tertiary branch. Arrowheads mark the SAX-7 stripes underneath the muscles. Note 
that the SAX-7 stripes were present, while the 4° branches were not yet developed at this stage. n = 20. 


(J) Confocal image of a sax-7(nj48) mutant expressing PVD::GFP. 


(K) Quantification of PVD 4° branches phenotype of sax-7(nj48) mutant. The y axis shows the average ratio of 4° branches to 3° branches. 
Error bars denote SEM. **“p < 0.001 by Student’s t test. n = 20. The scale bars represent 10 um. 
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Figure 2. unc-52 Mutant Displays Abnormal PVD 4° Branches 
(A) Confocal image of wild-type PVD morphology. Arrow indicates one 3° branch, and arrowhead shows one 4° branch. 
(B) Confocal image of unc-52(e1427) mutant PVD morphology. Arrow indicates a 3° branch with fewer 4° branch, and arrowhead shows a “T”-shaped 4° branch. 


(legend continued on next page) 
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The SAX-7 stripes outnumbered the PVD 4° branches, 
creating two populations of SAX-7 stripes, the dendrite-associ- 
ated stripes and the “free” ones. Moreover, the intensity of the 
dendrite-associated SAX-7 stripes was consistently greater 
than that of the free stripes, raising the possibility that only the 
stronger SAX-7 stripes had the ability to attract dendrites (Fig- 
ures 1B-1D). To test if there were fundamental differences be- 
tween the two types of SAX-7 stripes in guiding PVD dendrites, 
we examined a mutant wy50007 with five PVDs on each side 
of the worm instead of one on each side, as in wild-type animals 
(Figure S2). This mutant was isolated in a forward genetic screen 
and mapped to the transcription factor LIN-22 (see Experimental 
Procedures). In the wild-type animals, about 40% of the 
SAX-7 stripes were associated with the PVD dendrites. In lin- 
22(wy50007) mutants, significantly more 4° branches formed, 
most likely because of the additional PVD neurons, which occu- 
pied more than 80% of the SAX-7 stripes (Figure S2). This result 
suggests that most (if not all) of the SAX-7 stripes are competent 
to guide PVD dendrites. Interestingly, the “stronger” SAX-7 
stripes were also associated with the PVD dendrites in this 
mutant background, raising the possibility that association with 
the dendrites increased the SAX-7 intensity. 

To definitively test this hypothesis, we examined the SAX-7 
stripes in the dma-1 mutant that completely lacked the 4° 
branches. Indeed, in dma-7 animals, the intensity of the SAX-7 
stripes became more uniform (Figure S1). Because DMA-1 is 
the neuronal receptor for SAX-7 in PVD (Dong et al., 2013; Liu 
and Shen, 2012), it is plausible that DMA-1 can recruit SAX-7 
and form “strong” stripes. Together, these data are consistent 
with the model that the pre-patterned SAX-7 stripes in the hypo- 
dermis guide the branching and growth of the PVD 4° branches. 


unc-52 Mutants Show Reduced, Disorganized 4° 
Branches and Abnormal SAX-7 Stripes 

To further understand how SAX-7 is localized to these stripes 
and how the 4° branches form, we performed RNAi and a screen 
of candidate mutants for those with altered PVD morphology. We 
found that perturbation of the basement membrane protein 
UNC-52/Perlecan disrupted PVD 4° branches specifically 
without affecting the PVD axon or the 1°, 2°, and 3° branches 
(Figures 2A-2E). In unc-52(e1421) mutant, the number of PVD 
4° branches was greatly reduced, with ~80% of menorahs con- 
taining fewer than three 4° branches (Figure 2E), whereas in wild- 
type animals, only ~30% of menorahs contained fewer than 
three 4° branches (Figure 2E). In unc-52(e14271) mutant, the re- 
maining 4° branches also exhibited abnormal turning or branch- 
ing, resulting in the “L”- or “T”-shaped branches instead of the 
“|” shape in the wild-type animals (Figures 2A-2C). More than 


40% of the 2° branches contained “L”- or “T”-shaped branches 
in unc-52(e1421) mutants, compared with ~2% in wild-type an- 
imals (Figure 2D). Another unc-52 allele, e998, showed a similar 
phenotype as e1421 (Figure S3). unc-52 possesses a number of 
isoforms created by alternative splicing (Rogalski et al., 2001). A 
third unc-52 allele gk3, specifically lacking the long isoform of 
UNC-52, did not show any visible PVD branching phenotype 
(Figure S3), indicating the medium and/or short isoforms of 
UNC-52 were sufficient to support PVD branching. Consistent 
with these results, feeding RNAi of unc-52 also produced a 
similar PVD 4° branch phenotype as unc-52 alleles (data not 
shown), indicating that loss of UNC-52 causes reduced and 
misguided 4° branches. 

Next, we asked if the SAX-7 stripes are also dependent on 
UNC-52. In both unc-52(e1421) and unc-52(e998) mutants, the 
regular SAX-7::YFP stripe pattern were largely absent. Sparse 
dim YFP stripes remained in the muscle but became curved 
and lacked obvious patterns (Figures 2G and S3). Remarkably, 
the disorganized SAX-7 lines were still associated with the 
abnormal PVD 4° branches (Figures 2H and S3), strongly sug- 
gesting that the dendrites followed the SAX-7 pattern even in 
the unc-52 mutants. Transgenic animals expressing an unc-52 
genomic DNA fragment fully rescued both the SAX-7 localization 
phenotype as well as the PVD dendrite phenotypes in unc- 
52(e1421) mutants (Figures 2D, 2E, and 2I-2K). Together, these 
data strongly suggest that UNC-52 is required for the regular 
SAX-7 stripes, which then guide the PVD 4° branches. 


Pre-patterned UNC-52 Orients SAX-7 Subcellular 
Localization 

UNC-52 is a heparan sulfate proteoglycan synthesized by the hy- 
podermis and muscle and deposited at the basement membrane 
(Mullen et al., 1999; Rogalski et al., 1993; Spike et al., 2002). 
Located between the muscle and hypodermis, UNC-52 covers 
the entire muscle quadrant but is concentrated at muscle-mus- 
cle cell boundaries and at the DB and M line of sarcomeres in 
the muscle cells, forming punctate rows (DBs) and narrow 
stripes (M lines) (Francis and Waterston, 1991). UNC-52 anchors 
the DBs and M lines at the muscle plasma membrane through in- 
tegrin complexes (Mullen et al., 1999; Rogalski et al., 1993). To 
understand the relationship between UNC-52 and SAX-7, we 
performed double-staining experiments using the MH3 antibody 
(against UNC-52) and a GFP antibody (SAX-7::YFP). Despite the 
similar regularly spaced stripe-like localization patterns of both 
molecules, we found that the SAX-7 (green) signal and UNC-52 
(red) signal rarely overlapped with each other (Figures 3A-3C). 
Instead, the SAX-7 stripes were intercalated between the longi- 
tudinally aligned UNC-52 puncta, as shown in the line profiles of 


(C) Schematic of wild-type and unc-52 mutant PVD neuron in the C. elegans. Note that wild-type (WT) PVD has straight 4° branches and that mutant PVD shows 


abnormal 4° branches that are labeled in yellow and purple. 


(D) Quantification of the percentage of the 2° branches that contain “L”- or “T”-shaped 4° branches in unc-52(e1421) mutant and the unc-52 genomic DNA 


rescued worms. 


(E) Quantification of percentage of the 2° branches that contain fewer than three 4° branches in unc-52(e1427) mutant and the unc-52 genomic DNA rescued 
worms. Error bars denote SEM. ***p < 0.001 by ANOVA. n > 20 for each genotype. 

(F-K) Confocal images of unc-52(e1427), and unc-52(e1421); unc-52 genomic DNA rescued worms. In unc-52(e1421) mutants the disorganized SAX-7 stripes 
were always followed by the disorganized PVD 4° branches. Arrows indicate the PVD tertiary branch and the SAX-7 sub-lateral stripe. Arrowheads mark one of 


the PVD quaternary branch and the co-localized SAX-7 stripe. 
The scale bar represents 10 um. 
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(A-C) Confocal images of SAX-7::GFP transgenic animal double-stained with the MH3 (UNC-52) and GFP antibodies. The images of the inset are zoomed-in 
views of the region indicated by the box. Arrow points to the SAX-7 stripe, and arrowhead marks the UNC-52 staining. 
(D-F) Confocal images of a PVD::GFP animal strained with the GM1 (UNC-52) antibody. The images of the inset are zoomed-in views of the region indicated by the 
box. Arrows indicate the PVD 4° branch, and arrowheads mark the UNC-52 staining. 


(G) Line profiles of fluorescence intensity of UNC-52 and SAX-7. 


(H) Line profiles of fluorescence intensity of UNC-52 and PVD::GFP. A clear staining region was chosen randomly to zoom in, and the schematic dotted line was 
drawn along the longitudinal UNC-52 puncta using ImageJ. The relative fluorescence intensity along the dotted lines in two channels (GFP and mCherry) was 


plotted to form the picture. 
The scale bars represent 10 um. 


different fluorescence channels (Figures 3A-3C and 3G). Consis- 
tent with this result, the PVD 4° branches also lay between the 
UNC-52 stained lines, as shown by PVD::GFP and staining 
with another UNC-52-specific antibody (GM1) (Figures 3D-3F 
and 3H). To determine if SAX-7 is required for the UNC-52 
pattern, we examined the UNC-52 staining in sax-7(nj48) mutant 
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with the GM1 antibody and found that the UNC-52 pattern was 
indistinguishable from that of the wild-type (Figure S4). Together, 
these results indicate that the sarcomere structure patterns an 
adhesion molecule SAX-7 in the hypodermis through the extra- 
cellular UNC-52/Perlecan, which in turn instructs the growth 
and branching of sensory dendrite terminals. 
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At the basement membrane, UNC-52 is linked to the DB and M 
line of the sarcomeres through an integrin complex at the muscle 
plasma membrane (Rogalski et al., 1993). This integrin complex 
contains the PAT-2/PAT-3 integrins (Gettner et al., 1995), along 
with several other proteins, including the kindlin homolog, 
UNC-112 (Rogalski et al., 2000). We next asked whether the in- 
tegrin complex is required for the SAX-7 pattern and PVD 
dendrite formation. Postembryonic feeding RNAi of either pat-2 
(60% penetrance) or unc-112 (100% penetrance) showed 
reduced and abnormally shaped 4° dendrite phenotypes that 
were reminiscent of the unc-52 mutants (Figures 4A-C and 44). 
Although the SAX-7 stripes were still present, the stripe pattern 
was abnormal, with frequent curved lines, which tightly corre- 
lated with the misguided PVD branches (Figures 4D-4l). These 
results suggest that the DB and M line components in the muscle 
also influence the patterning of SAX-7 stripes and PVD 4° 
branches, possibly through anchoring UNC-52. The SAX-7 local- 
ization phenotype was less pronounced in the pat-2 and unc-112 
RNAi animals compared with the unc-52 mutants, possibly 
because of the variable effectiveness of RNAi in knocking 
down the endogenous genes. 


The SAX-7 Subcellular Localization Pattern Requires Its 
Intracellular Domain 
Because SAX-7 functions in the hypodermal cell to guide the 
PVD dendrites through direct interactions with neuronal receptor 
DMA-1 (Dong et al., 2013), the next question is how UNC-52 pat- 
terns the subcellular organization of SAX-7 in the hypodermal 
cells. First, we used a structure-function approach to understand 
which domains of SAX-7 are required for its localization and 
function. A truncated construct, SAX-7(AExtra)::YFP, lacking all 
four lg domains and five Fnlll domains of the extracellular domain 
of SAX-7, could still localize as stripes but failed to rescue sax-7 
mutant phenotype (Figures 5A-5D and data not shown). There- 
fore, the extracellular domain was essential for guiding PVD den- 
drites, and the cytoplasmic domain of SAX-7 might be sufficient 
to localize it to the hypodermal stripes. Consistently, a truncated 
SAX-7 construct lacking the entire cytosolic domain, SAX- 
7(ACyto)::YFP, failed to form stripes and was instead diffusely 
localized on the plasma membrane (Figures 5E-5H). Together, 
these data strongly suggest that the cytoplasmic domain of 
SAX-7 localizes the protein to the stripes in the hypodermal cells. 
Because the fluorescence intensity of SAX-7::GFP at the sub- 
lateral line was much higher than at the stripes underneath the 
muscles (Figure 1C), we tested if the “affinity” of sublateral lines 
for SAX-7 might be higher compared with that of the 4° stripes. 
Transgene animals in which Pdpy-7::SAX-7::YFP was injected 
at a low concentration (0.1 ng/uL) partially rescued the PVD 3° 
branch phenotype of the sax-7(nj48) mutants but not the 4° 
branches (Figures 5I-5L). This transgene showed faint SAX- 
7::YFP at sublateral lines but not the stripes in the 4° branch 
region. This result implies that a small amount of SAX-7 preferen- 
tially localized to the sublateral line rather than to the 4° branch 
locations. 


Hypodermal FO Orients SAX-7 Subcellular Localization 

Signaling from body wall muscle is known to directly organize the 
hemidesmosomes in the hypodermal cells, which are called FO 
complexes in C. elegans (Hresko et al., 1999). FOs and hemides- 


mosomes are conserved attachment complexes that connect 
the epithelial cell cytoplasm to the ECM using intermediate fila- 
ments. These adhesion complexes are thought to provide tissue 
integrity and resistance to mechanical forces (Zhang and Lab- 
ouesse, 2010). Because the FOs are known to form a regular 
stripe pattern, we examined the relationship between the FOs 
and the patterns of UNC-52 and SAX-7 stripes. Using a MUA- 
6::mCherry marker, which is the intermediate filament compo- 
nent of FOs, we found that both MUA-6::mCherry and SAX- 
7::GFP showed strikingly similar stripe patterns in the same 
part of the hypodermis underneath the muscles. Remarkably, 
the MUA-6 stripes precisely interdigitated with the SAX-7 stripes 
(Figures 6A-6C). Hence, the FOs and SAX-7 occupied alter- 
nating subcellular domains on the hypodermal cells and were 
mutually exclusive of each other. Because PVD 4° branches al- 
ways followed SAX-7 stripes, we also examined the relationship 
between the MUA-6 stripes and the PVD 4° branches. Not sur- 
prisingly, all 4° branches localized between the MUA-6 stripes 
(Figures 7A-7C), consistent with the interdigitating localization 
between MUA-6 and SAX-7. 

The precise complementary localization patterns of SAX-7 and 
MUA-6 prompted us to test if there is any causal relationship be- 
tween the FO components and the SAX-7 stripes. First, we exam- 
ined the SAX-7 and MUA-6 localization during development. In 
newly hatched worms, the MUA-6 stripes were readily detect- 
able, while the SAX-7 stripes were not formed, suggesting that 
FOs might pattern the SAX-7 stripes (Figures 6D-6F). Second, 
in mua-6(rh85) mutant, the regular SAX-7 stripes disappeared 
and the PVD 4° branches were largely absent (Figures 6G-6)), 
indicating that the intact FO structure might be required to form 
the SAX-7 stripes, which then instructed the pattern of PVD 
branches. Because the SAX-7 stripes were adjacent to but 
did not overlap with the MUA-6 stripes, we next asked if 
MUA-6 intermediate filament excludes SAX-7. Overexpression 
of MUA-6::mCherry led to partial disappearance of the SAX-7 
stripes and much reduced PVD 4° branches (Figures 6J-6L and 
S5). In cases in which the overexpression was not uniform within 
a single animal, locations with high levels of MUA-6::mCherry 
strongly correlated with lack of SAX-7 stripes (arrows in Figures 
6J-6L), while the SAX-7 stripes were still present at neighboring 
areas with low MUA-6::mCherry (arrowheads in Figures 6J-6L). 
These findings suggest that the existing MUA-6 stripes in the 
hypodermal cells pattern the SAX-7 by locally excluding it. 

To further test this hypothesis, we examined the localization of 
MUA-6 and PVD dendrites in unc-52 mutants. Because UNC-52 
is important to anchor the hemidesmosomes, and PVD 4° 
branches exhibit specific defects in unc-52 mutant, we asked 
if the MUA-6 stripe pattern is affected in the unc-52 mutants. 
In the partial loss-of-function unc-52 alleles, we found that all 
the mutants exhibited disorganized MUA-6 stripes with broken 
circumferential stripes and irregularly shaped holes and gaps. 
Strikingly, most of the abnormally shaped PVD dendrites (about 
80% in 15 observed animals) precisely coincided with the gaps 
in the MUA-6 staining (Figures 7D-7F). Furthermore, most of 
the abnormally shaped SAX-7 stripes also localized to the 
MUA-6 holes and gaps (Figures 7G-7l). Together, these data 
support the model that the ECM protein UNC-52 forms regular 
stripes following the muscle sarcomeres and is essential for 
the formation of regular hemidesmosome structures on the 
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Figure 4. Sarcomere Components Are Important for the SAX-7 Pattern and PVD Branch Morphology 
(A-C) Florescent images of PVD in young adult wild-type and unc-112 (RNAi), pat-2 (RNAi) animals. 


(D-l) Confocal images of PVD and Pdpy-7::SAX-7::YFP of the unc- 112 (RNAi), pat-2 (RNAi) animals. Arrows indicate the 3° branches and the SAX-7 lateral stripes. 
The arrowheads indicate the 4° branches and the co-localized SAX-7 stripes. 
(J) Quantification of the RNAi penetrance. 


n > 30 for each genotype. ***p < 0.001 by chi-square test. The scale bars represent 10 um. 
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F e 5. Structur unci I S 
(A-D) Confocal images of the Pdyp-7::SAX-7(AExtra)::YFP transgene in sax-7(nj48) mutant. n > 30. 
(E-H) Confocal images of the Pdyp-7::SAX-7(ACyto)::YFP transgene in sax-7(nj48) mutant. n > 30. 
(I-L) Confocal images of the Pdyp-7::SAX-7::YFP(0.1ng/ul) transgene in sax-7(nj48) mutant. n > 30. 
(M) Quantification of rescue activity of SAX-7 truncation constructs in (A) and (l). 


Error bars denote SEM. ***p < 0.001 by Student’s t test, n > 10 for each genotype. The scale bars represent 10 um. 
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SAX-7::GFP. Arrow indicates one FO stripe, and arrowhead shows one SAX-7 stripe. n = 30. 


(D-F) Confocal images of the MUA-6::mCherry and SAX-7::GFP in a newly hatched L1 worm. Arrow indicates one FO stripe, and arrowhead shows the region 
where SAX-7 stripe will form. n = 20. 


(legend continued on next page) 
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hypodermal cells, which in turn patterns the SAX-7 stripes 
by locally excluding the SAX-7 localization. Subsequently, the 
SAX-7 utilizes its ectodomain to instruct the growth of the PVD 
4° branches by interacting with DMA-1 and MNR-1. 


N 


Our results provided a concrete model for the development of 
the PVD dendrites. While the 3° branches are instructed by the 
sublateral stripes of SAX-7, the 4° branches were precisely 
guided by circumferential stripes of SAX-7 on the hypodermal 
membrane underneath the muscle cells. The precise co-localiza- 
tion between the SAX-7 stripes and the PVD 4° branches and 
the complete lack of 4° branches in the sax-7, mnr-1, or dma-1 
mutants demonstrate that the pre-patterned SAX-7 stripes 
instructed the development of PVD dendrites. Consistent with 
our previous findings, the SAX-7 signal is detected by the 
PVD receptor DMA-1. This recognition also requires co-ligand 
MNR-1 on the hypodermal cells. Because DMA-1 is specifically 
expressed in the PVD neurons, but not in many other neurons 
that extend neurites along the hypodermal cells, only PVD de- 
velops exuberant branches. 


SAX-7 stripe and PVD 4° branch should be. n = 20. 


Figure 7. UNC rns H nal FOs 
(A-C) Confocal images of MUA-6::mCherry and 
PVD::GFP in wild-type. Arrow indicates PVD qua- 
ternary dendrite, and arrowhead shows FOs stripe. 
n = 30. 

(D-F) Confocal images of MUA-6::mCherry and 
PVD::GFP in unc-52(e1421) mutants. Arrow in- 
dicates PVD “T”-type quaternary dendrite, and 
arrowhead shows FOs gaps in the stripes. n = 30. 
(G-I) Irregular SAX-7 stripes localized to MUA-6 
gaps in unc-52(e1421) mutant. Arrowhead in- 
dicates one MUA-6 gap, and arrow shows one 
irregular SAX-7 stripe. n = 15. 

The scale bars represent 10 um. 


Overlay 


Here, we provide a satisfying explana- 
tion of how the SAX-7 stripes are localized 
to specific parts of the hypodermal cells 
with a distinct pattern. Our genetic anal- 
ysis demonstrates that UNC-52/Perlecan 
is important for patterning the SAX-7 
stripes and the PVD dendrite. In unc-52 
mutants, both the SAX-7 stripes and the 
PVD 4° branches were disorganized. 
Interestingly, the disorganized PVD 4° 
branches still followed the disrupted 
SAX-7 stripes, strongly suggesting that 
SAX-7 patterns dictate the PVD dendrite 
morphology. UNC-52 is detected only 
in the basement membrane associated 
with muscle cells, and it is concentrated beneath the muscle 
DBs and M lines under body wall muscles (Francis and Water- 
ston, 1991; Mullen et al., 1999; Rogalski et al., 1993). This 
explains why the PVD 4° branches develop only underneath 
the muscle cells but not at more medial locations. 

UNC-52 plays essential functions in linking the sarcomere 
structure in the muscle to specific subcellular hemidesmosomes 
in the hypodermal cells. At the muscle plasma membrane, UNC- 
52 binds to the DBs and M lines through integrin complexes. 
At the hypodermal cell membrane, UNC-52 is important for 
patterning LET-805 and hemidesmosome, FOs (Cox and Hardin, 
2004; Francis and Waterston, 1991). Our genetic epistasis ana- 
lyses demonstrated a developmental hierarchy. UNC-52 is 
essential for the subcellular localization of the hemidesmosome, 
including the intermediate filament MUA-6. MUA-6 in turn pat- 
terns SAX-7, likely through the interaction with the cytosolic 
domain of SAX-7. SAX-7 uses its extracellular domain, together 
with MNR-1, to attract PVD dendrite growth and stabilization by 
binding to DMA-1. This model highlights the importance of cell- 
cell interactions in the morphogenesis of neurons. In Drosophila 
class IV dendritic arborization neurons, integrin-laminin interac- 
tion attaches dendrites to the ECM (Han et al., 2012; Kim et al., 


Overlay 


(G-I) Confocal images of the SAX-7::GFP and PVD::mCherry in mua-6(rh58) mutant. Arrows indicate PVD tertiary dendrite and arrowhead shows the region where 


(J-L) Confocal images of overexpressed MUA-6::mCherry and SAX-7::GFP. Arrow indicates the region where MUA-6 is overexpressed, and arrowhead shows 


the normal MUA-6 expression region. n = 10. 
The scale bars represent 10 um. 
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2012). Disruption of such interactions causes the dendrite to be 
embedded in the epidermis. In another related study, Yasunaga 
et al. (2010) showed that the degradation of basement mem- 
brane components by Mmp2 is required to reshape dendrite 
during development of Drosophila. Similarly, heparan sulfate 
proteoglycans in zebrafish play important roles in guiding the 
peripheral axons to innervate the skin (Wang et al., 2012), sug- 
gestive of an evolutionarily conserved mechanism of peripheral 
neurite patterning by ECM molecules. 

PVD is postulated to function as a proprioceptor, sensing and 
controlling body posture, on the basis of the abnormal posture 
caused by ablating PVD (Albeg et al., 2011). Our hypothesis 
not only demonstrates the mechanism of PVD 4° dendrite devel- 
opment through muscle-derived cues but also illustrates the 
close association between the sarcomere and the PVD den- 
drites. In addition, it is worth noting that the hemidesmosome- 
like FOs are thought to act as tendon-like structures that transmit 
tension of muscle contraction to the cuticle. Thus, this develop- 
mental program utilizes UNC-52/Perlecan and SAX-7 to bundle 
the tension-transmitting cell junctions with a proprioceptive sen- 
sory dendrite. 

The best-understood mammalian proprioceptive receptor 
is the muscle spindle. Similar to the hypodermal-muscle- 
dendrite complex in PVD, the muscle spindle contains the 
sheath cells, specialized muscle fibers, and nerve terminals. 
The sensory nerve terminals wrap around the muscle cells 
several times, with evenly spaced turns. Remarkably, in both 
worms and mammals, the sensory nerves are oriented perpen- 
dicular to the longitudinal axis of the sarcomeres, a configura- 
tion that might maximize the stretching effects from the 
muscle onto the nerve (Cheret et al., 2013). Future studies 
are needed to test if the cellular and molecular interactions 
we describe here play a similar role in patterning the muscle 
spindles. 


EXPERIMENTAL PROCEDURES 


C. elegans Strains, Genetics, and RNAi 

C. elegans strains were cultured at 20°C on nematode growth medium plates 
seeded with the Escherichia coli OP50 using standard methods (Brenner, 
1974). All the mutants and transgene strains were genetically modified from 
the wild-type strain N2. wy50007 was isolated from a forward genetic screen 
for PVD dendrite morphology defect. Genetic mapping and sequence showed 
that wy50007 is a nonsense mutation of W62 in the /in-22 gene. mua-6 (rh85) is 
partially lethal, and surviving worms are very sick. Strains used are listed in 
Table S1. Standard feeding RNAi was used to knock down genes using the 
RNAi feeding library (Fraser et al., 2000). Synchronized L1 worms were trans- 
ferred to RNAi feeding plates (unc-112, pat-2), and young adults were 
observed 3 days later. The penetrance is the percentage of animals showing 
PVD dendrite defects in total animals observed. 


Molecular Biology and Transgenes 

PCR and molecular cloning techniques were used to generate fluorescence 
reporters. The PCR products were amplified with Phusion DNA polymerase 
(New England Biolabs) or TransStart FastPfu DNA Polymerase (Transgen 
Biotech). The plasmids were constructed using the Clontech In-Fusion PCR 
Cloning System and verified by sequencing. The plasmid constructs are listed 
in Table S2. Transgenic worms were constructed through germline transfor- 
mation using microinjection technique. The DNA plasmids and PCR products 
were injected at 5 to 50 ng/,l into N2 hermaphrodites with a fluorescent selec- 
tion marker (such as Podr-1::GFP). At least two independent lines were iso- 
lated and analyzed for the data. 


12 Developmental Cell 33, 1-13, May 26, 2015 ©2015 Elsevier Inc. 


Quantitation and Statistics 
Data are expressed, unless otherwise mentioned, as mean + SEM. Statistical 
tests were either two-tailed Student’s t tests or one-way ANOVA or +? test. 


Fluorescent Imaging 

Young adult animals were anesthetized with 1 mg/ml levamisole in M9 buffer 
and then mounted on 3% (w/v) agar pads. Images of fluorescent proteins 
were captured in live animals using a 40x objective on an Axiolmager M2 mi- 
croscope (Carl Zeiss). The spinning-disk confocal imaging system includes an 
Axio Observer Z1 microscope (Carl Zeiss Microlmaging) equipped with a 40x 
and a 100x objective, an electron-multiplying charge-coupled device camera 
(Andor), and the 488- and 568 nm lines of a Sapphire CW CDRH USB Laser 
System attached to a spinning-disk confocal scan head (Yokogawa CSU-X1 
Spinning Disk Unit). The confocal images were taken with Micro-Manager 
(https://micro-manager.org) software. ImageJ (http://rsbweb.nih.gov/ij/ soft- 
ware was used to process the images. 


Antibody Staining 

Antibody staining was performed with whole-mount worms using standard 
protocol (Qin et al., 2014; Zhou et al., 2008). For the SAX-7 antibody, the 
“freeze-cracking” method was used to increase tissue accessibility, and 
the worms were fixed by methanol/acetone (Duerr, 2006). For immunofluo- 
rescence detection of endogenous UNC-52 and SAX-7::YFP, worms were 
incubated with anti-UNC-52(MH3 or GM1) and anti-GFP antibody simulta- 
neously. The UNC-52-specific antibody GM1 was kindly provided by 
D.G.M., and the UNC-52-specific antibody MH3 was from the Develop- 
mental Studies Hybridoma Bank. Rabbit polyclonal 6991 antibody against 
the SAX-7 cytoplasmic tail was kindly provided by Dr. Lihsia Chen at the 
University of Minnesota. Rabbit polyclonal antibody against GFP (GenScript) 
was used to detect the Pdpy-7::SAX-7::YFP. Antibodies against UNC-52 or 
GFP were used at 1:200 dilution. Antibody against SAX-7 was used at 
1:300 dilution. 


SUPPLEMENTAL INFORMATION 


Supplemental Information includes five figures and two tables and can be 
found with this article online at http://dx.doi.org/10.1016/j.devcel.2015.03. 
010. 
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